In traditional cognitive radio networks (CRNs), secondary users (SUs) typically access the spectrum of primary users (PUs) by a two-stage "listen-before-talk" (LBT) protocol, i.e., SUs sense the spectrum holes in the first stage before transmitting in the second. However, there exist two major problems: transmission time reduction due to sensing and sensing accuracy impairment due to data transmission. In this paper, we propose a "listen-and-talk" (LAT) protocol with the help of full-duplex (FD) technique that allows SUs to simultaneously sense and access the vacant spectrum. Spectrum utilization performance is carefully analyzed, with the closed-form spectrum waste ratio and collision ratio with the PU provided. In addition, with regard to the secondary throughput, we report the existence of a tradeoff between the secondary transmit power and throughput. Based on the power-throughput tradeoff, we derive the analytical local optimal transmit power for SUs to achieve both high throughput and satisfying sensing accuracy. Numerical results are given to verify the proposed protocol and the theoretical results.
Listen-and-Talk: Protocol Design and Analysis
for Full-Duplex Cognitive Radio Networks ceases. This can be facilitated by full-duplex (FD) techniques [20] . In an FD system, a node can transmit and receive using the same time and frequency resources. However, due to the close proximity of a given modem's transmitting antennas to its receiving antennas, strong self-interference introduced by its own transmission makes decoding process nearly impossible, which had been a huge impediment to the development of FD communications in the past. Recently, there has been significant progress in the self-interference cancelation, including proper hardware design and signal process techniques, presenting great potential for realizing the FD communications for the future wireless networks [20] - [23] . Motivated by the FD techniques, in this paper, we propose a "listen-and-talk" (LAT) protocol, by which SUs can simultaneously perform spectrum sensing and data transmission [24] . We assume that the PU can change its state at any time and each SU has two antennas working in FD mode. Specifically, at each moment, one of the antennas at each SU senses the target spectrum band and judges if the PU is busy or idle, whereas the other antenna transmits data simultaneously or keeps silent on the basis of the sensing results.
C. Related Work
We remark that the ideas of this kind have been also mentioned in some other recent studies [25] - [30] . Some of the papers such as [25] have mentioned the simultaneous sensing and transmission briefly as a feasible application scenario of FD technology without further analysis, whereas some other papers study the similar topics. We concisely summarize them as follows.
Some studies focus on deploying FD radios on CR users and the impact of some physical issues leading to residual self-interference (RSI) and imperfect sensing [26] - [28] . Specifically, in [26] , the use of directional antennas is discussed, and it is shown directionality of multireconfigurable antennas could increase both the range and the rate of FD transmissions over omnidirectional-antenna-based FD transmissions; in [27] , the focus is on comparing sensing error probabilities in the HD, two-antenna FD, and single-antenna FD cognitive scenarios under energy detection; and the impact of some physical issues leading to RSI and imperfect sensing such as bandwidth, antenna placement error, and transmit signal amplitude difference was discussed in [28] .
In [29] , multiple SU links with partial/complete selfinterference suppression capability were considered, and they could operate in either simultaneous transmit-and-sense (TS) or simultaneous transmit-and-receive (TR) modes. Mode selection between the TS and TR modes and the coordination of SU links were proposed to achieve high secondary throughput. The idea of the TS mode is similar to our protocol. However, in [29] , one fixed threshold for energy detection was used in both sensing-only and TS modes, whereas in our work, a pair of sensing thresholds are designed to compensate for the imperfect self-interference cancelation. In addition, in [29] , only the error sensing probabilities were provided by series expressions in the analysis, and how well can the SUs utilize the spectrum holes, which is addressed in our work, was not presented.
In [30] , the cooperation between primary and secondary systems was considered. In the model, the cognitive base station (CBS) relays the primary signal, and in return, it can transmit its own cognitive signal. The CBS was assumed to be FD enabled with multiple antennas. Beamforming technique was used to differentiate the forwarding signal for PUs and secondary transmission.
Different from all the aforementioned studies, throughout this paper, we focus on the following important issues.
• How is the sensing strategy designed so that the benefits of the FD can be fully enjoyed? • How is the secondary transmit parameter, e.g., transmit power, designed so that SUs can achieve high throughput and satisfactory sensing performance? • How well can the proposed LAT perform in terms of spectrum utilization efficiency and secondary throughput?
We explore answers to these questions by both theoretical analysis and simulation results. The main contributions of this paper can be summarized as follows.
• We clearly present the idea of simultaneous sensing and transmission and design an LAT protocol indicating when and with what power should an SU access the spectrum, as well as how to set the detection threshold. • We present theoretical analysis of the sensing performance and the spectrum utilization. In particular, the closed-form expressions of the collision ratio at the primary network and the spectrum waste ratio are provided. • We report a power-throughput tradeoff, show the existence of a local optimal transmit power, with which the SUs can achieve high throughput and satisfying sensing performance, and derive the theoretical expression of the local optimal transmit power.
The rest of this paper is organized as follows. Section II describes the system model and the concept of simultaneous sensing and transmission. In Section III, we elaborate the proposed LAT protocol and discuss the design of important parameters. In Section IV, we investigate the analytical performance, including the spectrum utilization efficiency and secondary throughput. In addition, a power-throughput tradeoff is reported and analyzed. Simulation results are presented to verify the analytical results in Section V. We conclude this paper in Section VI.
II. SYSTEM MODEL
Here, the system model of the overall network is presented, and the concept of simultaneous sensing and transmission under imperfect self-interference suppression is elaborated.
A. System Model
We consider a CR system consisting of one PU and one SU pair, as shown on the left side of Fig. 1 , in which SU 1 is the secondary transmitter, and SU 2 is the receiver. Each SU is equipped with two antennas Ant 1 and Ant 2 , where Ant 1 is used for data reception, whereas Ant 2 is used for data transmission. The transmitter SU 1 uses both Ant 1 and Ant 2 for simultaneous spectrum sensing and secondary transmission with the help of FD techniques, whereas the receiver SU 2 uses only Ant 1 to receive signal from SU 1 . 1 The spectrum band occupancy by the PU is modeled as an alternating busy/idle random process where the PU can access the spectrum at any time. We assume that the probabilities of the PU's arrival and departure remain the same across the time, and the holding time of either state is distributed as the exponential distribution [31] . We denote the variables of the idle period and the busy period of the PU as t 0 and t 1 , respectively. In addition, let τ 0 = E[t 0 ] and τ 1 = E[t 1 ] represent the average idle and busy durations. According to the property of exponential distribution, the probability density functions (PDFs) of t 0 and t 1 can be, respectively, written as
For SUs, on the other hand, only the idle period of the spectrum band is allowed to be utilized. To detect the spectrum holes and avoid collision with the PU, SU 1 needs to sample the spectrum at sampling frequency f s and make decisions of whether the PU is present after every N s samples. This makes the secondary traffic time slotted, with slot length T = N s /f s .
Considering the common case that f s can be sufficiently high and the state of PU changes sufficiently slowly, we assume that τ 0 , τ 1 T and N s is a sufficiently large integer. If we divide the PU traffic into slots in accordance with the SU's sensing process, the probability that the PU changes its state in a stochastic slot can be derived as follows.
• The PU arrives in a stochastic slot, i.e.,
where m 0 = τ 0 /T , and we assume it to be a large integer. • The PU leaves in a stochastic slot, i.e.,
where m 1 = τ 1 /T is assumed to be a large integer.
Note that when m 0 and m 1 are sufficiently large, we have μ ≈ 1/m 0 and ν ≈ 1/m 1 .
B. Simultaneous Sensing and Transmission
With the help of FD technique, SU 1 can detect the PU's presence when it is transmitting signal to SU 2 . However, as shown by the dotted arrow in the system model in Fig. 1 , the challenge of using FD technique is that the transmit signal at Ant 2 is received by Ant 1 , which causes self-interference at Ant 1 . Note that, for Ant 1 , the received signal is affected by the state of the transmit antenna (Ant 2 ): when Ant 2 is silent, the received signal at Ant 1 is free of self-interference, and the spectrum sensing is the same as the conventional HD sensing. Thus, we consider the circumstances when SU 1 is transmitting or silent separately.
When SU 1 is silent, the received signal at Ant 1 is the combination of potential PU's signal and noise. The cases when the PU is busy or idle are referred to as hypothesis H 01 and H 00 , respectively. The received signal at Ant 1 under each hypothesis can be written as
where s p denotes the signal of the PU, h s is the channel from the PU to Ant 1 of SU 1 , and u ∼ CN (0, σ 2 u ) denotes the complex-valued Gaussian noise. We assume that s p is phaseshift keying modulated with variance σ 2 p , and h s is a Rayleigh channel with zero mean and variance σ 2 h . When SU 1 is transmitting to SU 2 , RSI is introduced to the received signal at Ant 1 . The received signal can be written as
where H 11 and H 10 are the hypotheses under which the SU is transmitting and the PU is busy or idle, respectively. w in (5) denotes the RSI at Ant 1 , which can be modeled as the Rayleigh distribution with zero mean and variance χ 2 σ 2 s [22] , [32] , where σ 2 s denotes the secondary transmit power at Ant 2 , and χ 2 := Power of the RSI/Transmit power represents the degree of self-interference suppression, which is commonly expressed in decibels, and indicates how well can the self-interference be suppressed.
Spectrum sensing refers to the hypothesis test in either (4) or (5) . Given that SU 1 has the information of its own state (silent or transmitting), it can automatically choose one pair of the hypotheses to test ({H 00 , H 01 } or {H 10 , H 11 }) and decide whether the PU is present or not.
III. LISTEN-AND-TALK PROTOCOL AND KEY PARAMETER DESIGN
Here, we first present the proposed LAT protocol and then discuss the key parameter design in spectrum sensing to meet the constraint of collision ratio to the primary network.
A. LAT Protocol
The right side of Fig. 1 shows the LAT protocol, in which SU 1 performs sensing and transmission simultaneously by using the FD technique: Ant 1 senses the spectrum continuously, whereas Ant 2 transmits data when a spectrum hole is detected. Specifically, SU 1 keeps sensing the spectrum with Ant 1 with sampling frequency f s , which is shown in the line with down arrows. At the end of each slot with duration T , SU 1 combines all samples in the slot and makes the decision of the PU's presence. The decisions are represented by the small circles, in which the higher ones denote that the PU is judged active, whereas the lower ones denote otherwise. The activity of SU 1 is instructed by the sensing decisions, i.e., SU 1 can access the spectrum in the following slot when the PU is judged absent, and it needs to back off otherwise.
Since the PU can change its state freely, there exist the following four states of spectrum utilization. 
B. Energy Detection
We adopt energy detection as the sensing scheme, in which the average received power in a slot is used as the test statistics M , i.e.,
where y(n) denotes the nth sample in a slot, and the expression for y(n) is given in (4) and (5). With a chosen threshold , the spectrum is judged occupied when M ≥ ; otherwise, the spectrum is idle. Generally, the probabilities of false alarm and missed detection can be defined as
where H 0 and H 1 are the hypotheses when the PU is idle and busy, respectively. Considering the difference of the received signal caused by RSI, we can achieve better sensing performance by changing the threshold according to SU 1 's activity. Let 0 and 1 be the thresholds when SU 1 is silent and busy, respectively; and we can have two sets of probabilities of false alarm and missed detection accordingly, which are denoted by {P 0
C. Key Parameter Design
The most important constraint of the secondary networks is that their interference to the primary network must be under a certain level. In this paper, we consider this constraint as the collision ratio between SUs and the PU, which is defined as
The sensing parameters are designed according to the constraint of P c . In the rest of this subsection, sensing performance is evaluated, based on which we provide the analytical design of the sensing thresholds. Sensing Error Probabilities: With the statistical information of the received signal in (4) and (5), the statistical properties of M under each hypothesis can be derived. We consider the following two types of time slots.
• Slots in which the PU changes its state: If the PU arrives in a certain slot, the received signal power is likely to increase in the latter fraction of the slot, and the average signal power M is likely to be higher than the previous slots when the PU is absent. Then, the probability of correct detection is higher than P i f , with i denoting the current activity of SU 1 . Similarly, if the PU leaves in a slot, the probability of correct detection is higher than P i m . Note that these slots are rare in the whole traffic; we only consider the lower limits of correct detection in these slots, i.e., we set without further derivation the probabilities of correct detection to be P i f and P i m when the PU arrives or leaves, respectively.
• Slots in which the PU remains either present or absent:
In these slots, the received signal y(n) in the same slot is independent and identically distributed (i.i.d.) and as we assumed in Section II-A, the number of samples N s is sufficiently large. According to the central limit theorem, the PDF of M can be approximated by a Gaussian dis-
The specific statistical properties and the description under each hypothesis are given in Table I , in which γ s = σ p σ 2 h /σ 2 u denotes the signal-to-noise ratio (SNR) in sensing, and γ i = χ 2 σ 2 s /σ 2 u is the interference-to-noise ratio (INR). Detailed derivation of the distribution properties is provided in Appendix A.
Based on Table I , the sensing error probabilities can be derived.
• When SU 1 is silent and the test threshold is 0 , the probability of missed detection P 0 m and the probability of false alarm P 0 f can be written as
respectively, where Q(·) is the complementary distribution function of the standard Gaussian distribution. • Similarly, when SU 1 is transmitting with the threshold 1 , the missed detection probability P 1 m and the false alarm probability P 1 f are, respectively 
State Transition and Overall Collision Probability:
Different from the conventional LBT protocol in HD CRNs where each slot is independent, in the LAT protocol, the selection of sensing threshold depends on SUs' activity, which is instructed by the sensing result in the previous slot. Thus, the state of the system in each slot is no longer independent, and the collision ratio is related not only to sensing error probabilities in each slot but to the state in the previous slots as well. Thus, joint consideration of the transition among all kinds of slots is necessary. Since the sensing error probabilities in the slots where the PU changes its presence can be approximated by that in the other slots, in this part, we model the state transition of the system as a discrete-time Markov chain, in which the system can be viewed as totally time slotted, with T as the slot length. Fig. 2 shows the state transition diagram, where we denote State i as S i mod 4 (i = 1, 2, 3, 4) for simplicity.
Proposition 1: The probability that the system stays in the collision state S 3 is
where
Proof: The probability for the system staying in each state P k (k = 0, 1, 2, 3) can be calculated considering the steady-state distribution of the Markov chain, i.e.,
where p = [P 0 , P 1 , P 2 , P 3 ] T is the vector of steady probabilities, and Ψ, shown at the bottom of the next page, is the state transition matrix abstracted from Fig. 2 .
Combining the constraint that 3 k=0 P k = 1, we have p =
To have a check on the result, we consider the probabilities that the PU is busy and idle as P busy =P
respectively, which are consistent with the results when we consider the PU's traffic only.
Collision Ratio: The collision of the PU and SU 1 occurs in the following two kinds of circumstances. 1) When the PU keeps occupying the spectrum and SU 1 fails to detect the presence of PU's signal in the previous slot, which is depicted in Fig. 2 as S 3 with the probability of P 3 . The collision length is T . 2) The certain slots in which PU arrives. SU 1 is very likely to be transmitting in these slots since the PU is likely to be absent in the previous ones. The occurrence probability of this circumstance is equal to the PU's arrival rate μν/(μ + ν).
Proposition 2:
The average collision length under circumstance (2), where the PU changes state, can be approximated by T /2 when m 0 is large enough.
Proof: In addition, the average collision length in this case can be calculated as
where the approximation is valid when m 0 is sufficiently large.
It is unavoidable in the LAT protocol that when the PU arrives, a short head of the signal, with the length of an SU's slot approximately, collides with the SU's signal. Combine the two circumstances, and the overall collision rate can be given by
Design of Sensing Thresholds: For the parameter design, we have a maximum allowable P c as the system constraint, and all the parameters of the sensing process should be adjusted according to P c . Note that Δ and r are only related to the PU's traffic, and {P 0 m , P 0 f } and {P 1 m , P 1 f } are closely related via thresholds 0 and 1 , respectively. Thus, we actually have two independent variables of the secondary network to design to meet the constraint of P c .
We choose P 0 m and P 1 m as the independent variables. With (16) as the only constraint, there are infinite choices of (P 0 m , P 1 m ) Fig pair. For simplicity, we set P 0 m = P 1 m = P m , i.e., ζ = 1 to reduce the degree of freedom, and the constraint can be simplified as
where Δ, r, μ, and ν are relevant only to the PU traffic, and ξ = 1 − P 0 f + P 1 f can be derived from P m via test thresholds 0 and 1 .
In the rest of this part, we calculate P m from the constraint of P c , from which the sensing thresholds 0 and 1 can be obtained.
Combining (8) and (9) and (10) and (11), we can obtain P 0 f and P 1 f as functions of P m as
respectively. From (18) and (19), we can find an increase of the false alarm probability when the RSI exists. This result indicates that, when interference increases, the sensing performance gets worse.
With (18) and (19), ξ can be expressed as ξ(P m ) = 1 − P 0 f (P m ) + P 1 f (P m ). With given parameters of the PU's traffic and the slot length, P m can be solved from (17) . Since the analytical expression of P m is complicated, we only give some typical numerical solutions in Fig. 3 , where the sensing SNR γ s = −10 dB, INR γ i = 5 dB, number of samples N s = 200, and r is set to be 6 to meet the real case that the typical spectrum occupancy is less than 15% [2] .
It is shown in Fig. 3 that when μ goes down, P c − (ν/2) becomes a fine approximation of P m . With the large-m 0 assumption, we regard μ as sufficiently small, and P m is determined by
This indicates that, with the same constraint P c and parameters of the PU's traffic, the required P m gets squeezed when SU's slot length T increases.
With P m = P c − ν/2, the thresholds 0 and 1 can be obtained from (8) and (10), respectively, i.e.,
A lift of sensing threshold due to the RSI (γ i ) can be found from (21) and (22), which is in accordance with the previous analysis.
IV. PERFORMANCE ANALYSIS OF LISTEN-AND-TALK
Here, we first evaluate the sensing performance of LAT by the probabilities of spectrum waste ratio under the constraint of collision ratio. Then, with the closed-form analytical secondary throughput, a tradeoff between the secondary transmit power and throughput is elaborated theoretically.
A. Spectrum Utilization Efficiency and Secondary Throughput
Spectrum Waste Ratio: Similar to the analysis of the collision ratio, we combine the following two kinds of time slots to derive the spectrum waste ratio: 1) the slots when the spectrum remains idle and 2) the slots of the PU's departure. There exists waste of spectrum holes in (1) when the system is in the state S 0 in Fig. 2 , and the probability is given by P 0 in (14) . Every time when the SU fails to find the hole, the waste length is T . In (2), the average waste length can be derived from the PU's traffic with the similar method in (15) , and it also yields T /2 of the average waste length. The probability of the PU's departure is μν/(μ + ν), which is same as its arrival rate. The ratio of wasted spectrum hole is then given by
Secondary Throughput: SU 1 's throughput can be measured with the waste ratio and the transmit rate. The achievable rate under perfect sensing is given as
where γ t = σ 2 s σ 2 t /σ 2 u represents the SNR in transmission, with σ 2 t denoting the channel gain of the transmit channel from SU 1 to SU 2 , and SU 1 's throughput can be measured as
B. Power-Throughput Tradeoff
In the expression of SU 1 's throughput in (25) , there are two factors: R and (1 − P w ). On one hand, R is positively proportional to SU 1 's transmit power σ 2 s . On the other hand, however, the following proposition holds.
Proposition 3: The spectrum waste ratio P w increases with the secondary transmit power σ 2 s . Proof: First, the INR γ i increases with the transmit power and, in turn, lifts P 1 f , which can be seen from (19) . Then, we can rewrite (23) as
When P 1 f increases, the third term decreases, and P w increases monotonically. Then, the increase of SU 1 's transmit power results in greater waste of the vacant spectrum.
Thus, there may exist a power-throughput tradeoff in this protocol: when the secondary transmit power is low, the RSI is negligible, the spectrum is used more fully with small P w ; however, the ceiling throughput is limited by R; when the transmit power increases, the sensing performance gets deteriorated, while at the same time, SU 1 can transmit more data in a single slot.
Local Optimal Transmit Power 2 : The previous analysis indicates the existence of a mediate secondary transmit power to achieve both high spectrum utilization efficiency in time domain and high secondary throughput. To obtain this mediate value of transmit power, we differentiate the expression of the 2 Note that the secondary throughput is not purely convex throughout the domain of transmit power. There may exist local optimal points in the lowpower region, whereas the throughput is monotonically increasing in the highpower region. The point of the discussion of the power-throughput tradeoff and the calculation of the local optimal transmit power is that the secondary throughput does not monotonously increase with the transmit power, which means that SUs may not always transmit with its maximum transmit power to achieve highest throughput; instead, a mediate value may lead to better performance. throughput to find the local optimal points of the secondary transmit power σ 2 s , which satisfies
With detailed derivation presented in Appendix B, we have that the local optimal power satisfies κ ln(γ t + 1)
where the notations are as follows:
With σ 2 s as the only unknown variable, it can be calculated numerically.
To obtain better comprehension about the properties of the local optimal transmit power, we consider the case when μ is sufficiently small, and (28) can be simplified as
Now, we provide the existence conditions of the local optimal transmit power. The left side of (29) is a convex curve of σ 2 s with a single maximum. When σ 2 s goes to zero or infinity, the value of the left side goes to zero. The value of the right side changes from √
. We can roughly say that, when the maximum of the left side is larger than either √
, there would be two solutions to (29) . When the maximum of the left side is smaller than the minimum of the right side, on the other hand, no solution exists.
Characteristics of the Power-Throughput Curve: Given the previous discussions, there exist two cases of the powerthroughput curve regarding the existence of the local optimal power. We analyze these two cases separately in the following. 1) When (29) has no solutions, the curves of transmit power on the left and right sides never meet. Since the right side of (29) is always far above zero and the left can go to zero when the transmit power is extremely high or low, we can safely say that the left side is always smaller than the right, i.e.,
Substituting the inequation to (34), we have dC/dσ 2 s > 0, which indicates that the secondary throughput would increase with the transmit power monotonously. 2) When the solutions of (29) exist, we discuss the sign of dC/dσ 2 s piecewise. When the power is low or high enough, the left side is small, whereas the right side remains considerable. The solid red curve [maximum of the left side of (29)] is below the dash-dotted blue one [value of the right side of (29)], and dC/dσ 2 s > 0. When the power is between the two solutions, we have dC/dσ 2 s < 0. Thus, at the smaller solution, d 2 C/d(σ 2 s ) 2 < 0, and this is the local optimal transmit power σ 2 s to achieve local maximum throughput. Similarly, the larger solution denotes the local minimum of the throughput.
As an example, we plot the curves of the maximum of the left side and the corresponding value of the right side in Fig. 4(b) . It is shown that, when χ 2 is smaller than 0.86, the maximum of the left is larger than the corresponding value of the right, and (29) will have solutions, and power-throughput is likely to exist. When χ 2 is greater than 0.85, there may be no tradeoff between the transmit power and the secondary throughput, which is verified by the thick solid line in Fig. 4(a) .
V. SIMULATION RESULTS
Here, simulation results are presented to evaluate the performance of the proposed LAT protocol. Monte Carlo simulations are performed by varying channel conditions and the PU's state. We set the default values of the simulation parameters as follows: the sample number in each slot N s = 300, the corresponding probability that the PU arrives in a stochastic slot μ = 1/500, and the probability that the PU leaves in any slot ν = 6/500. The constraint of collision ratio is set as 0.1, and SNR in sensing γ s is assumed to be −5 dB.
A. Power-Throughput Relationship of the LAT Protocol
As shown in Fig. 4(a) , we consider the throughput performance of the LAT protocol in terms of secondary transmit power. The solid and dotted lines represent the analytical performance of the LAT protocol, and the asterisks ( * ) denote the analytical local optimal transmit power. The small circles are the simulated results, which match the analytical performance well. The thin solid line depicts the ideal case with perfect RSI cancelation. Without RSI, the sensing performance is no longer affected by transmit power, and the throughput always goes up with the power. This line is also the upper bound of the LAT performance. The thick dash-dotted, dotted, and dash lines in the middle are the typical cases, in which we can clearly observe the power-throughput tradeoff and identify the local optimal power, which is calculated from (29) . With the decrease of RSI (χ 2 from −10 to −20 to −30 dB), the local optimal transmit power increases, and the corresponding throughput goes to a higher level. This makes sense since the smaller the RSI is, the better it approaches the ideal case, and the deterioration caused by self-interference becomes dominant under a higher power. According to Fig. 4(b) , when χ 2 is sufficiently large (0.85 in the figure), there exists no power-throughput tradeoff. We verify this result by the thick solid line denoting the cases when χ 2 = −0.46 dB = 0.9. No local optimal point can be found in this curve, and the numerical results show that the differentiation is always positive.
One noticeable feature in Fig. 4(a) is that, when selfinterference exists, all curves approach the thin dotted line C = 0.5 log 2 (1 + γ t ) when the power goes up. This line indicates the case that the spectrum waste is 0.5. When the transmit power is too large, severe self-interference largely degrades the performance of spectrum sensing, and the false alarm probability becomes unbearably high. It is likely that, whenever SU 1 begins transmission, the spectrum sensing result falsely indicates that the PU has arrived due to false alarm, and SU 1 stops transmission in the next slot. Once SU 1 becomes silent, it can clearly detect the PU's absence, and it begins transmission in the next slot again. In addition, the state of SU 1 changes every slot even when the PU does not arrive at all. In this case, the utility efficiency of the spectrum hole is approximately 0.5, which is clearly shown in Fig. 4(a) . In addition, it can be seen that the larger χ 2 is, the earlier the sensing gets unbearable, and the throughput approaches the orange line.
B. Sensing Performance
Here, we use the receiver operating characteristic (ROC) curves to present the sensing performance. In Fig. 5 , with the sensing SNR γ s fixed on −8 dB, we have the relation between the collision ratio and the spectrum waste ratio. The thick lines denote the cases when the PU changes its state very slowly, whereas the fine lines represent the cases when the PU changes comparatively quickly. In Fig. 5 , smaller area under a curve denotes better sensing performance. It can be seen that the thick lines are lower than the corresponding fine lines, which indicates that when the PU changes its state slowly, the spectrum holes can be utilized with higher efficiency. This is because the spectrum waste due to the state change, i.e., reaccess and departure of the PU, happens less frequently. In addition, comparing the solid and dotted lines with the same μ, it can be found that smaller RSI leads to better sensing performance, and the impact of the RSI can be significant. It is noteworthy that the ratio of spectrum waste of the LAT can be quite close to zero if the self-interference can be effectively suppressed, and the constraint of collision ratio is not too strict. However, recalling the conventional LBT, the spectrum waste ratio can theoretically never be suppressed lower than the sensing time ratio in a slot.
C. Impact of the RSI Factor χ 2
In Fig. 6 , we consider the impact of the RSI factor on the sensing performance. We fix the constraint of P c as 0.1 and Fig. 6 . Secondary throughput versus the RSI factor χ 2 , in which the collision ratio is 0.1, sensing SNR γs = −5 dB, the normalized secondary transmit power σ 2 s /σ 2 u varies between 10 and 20 dB, and the numbers of samples in a slot varies between 300 and 500, with the probability of the PU's arrival per slot μ varying between 1/500 and 1/300 and the departure probability per slot ν varying between 6/500 and 6/300. evaluate the spectrum waste ratio under various χ 2 . It is shown in Fig. 6 that, with the increase of χ 2 , the spectrum waste ratio increases from zero to approximately 0.5. This is reasonable in the sense that, with sufficiently small RSI factor, the RSI can be neglected compared with PU's signal and noise, and SUs can fully utilize the spectrum holes. When the RSI factor is moderate or close to 1, which indicates that the RSI cannot be suppressed well, the secondary signal may overwhelm the PU's signal, leading to unreliability of sensing, and the SUs are likely to stop communication due to false alarm. Note that the asymptotic value of the spectrum waste ratio when the RSI is large is 0.5, which is in accordance with the results in Fig. 4(a) .
In addition, it can be seen that, when the normalized power of RSI (χ 2 σ 2 s /σ 2 u ) ranges from approximately [0.1, 10], the spectrum waste ratio changes fast, and when the normalized power of RSI is below 0.1, the waste ratio remains at a low level. This feature can be utilized to design the protocol parameters to achieve full utilization of the spectrum holes. In addition, when the PU's state change rate remains unchanged while the slot length enlarges, it can be seen that the sensing performance becomes better, particularly at the points when the normalized power of RSI ranges from approximately [0.1, 10], where more samples in a slot would help improve sensing performance significantly.
VI. CONCLUSION
In this paper, we have proposed an LAT protocol that allows SUs to simultaneously sense and access the spectrum holes. Taking the impact of the RSI on sensing performance into consideration, we designed an adaptively changed sensing threshold for energy detection. Spectrum utilization efficiency and secondary throughput under the LAT protocol have been provided in closed form, and based on this, a unique tradeoff between the secondary transmit power and the secondary throughput has been reported, i.e., the increase of transmit power does not always yield the improvement of SU's throughput, and a mediate value is required to achieve the local optimal performance. Simulation results have verified the existence of the power-throughput tradeoff and shown that the SUs can efficiently utilize the spectrum holes under the LAT protocol.
The proposed LAT protocol has the potential to allow the FD SUs to fully utilize the spectrum holes, given that the SUs no longer need to periodically suspend their transmission for sensing and can react promptly to the spectrum opportunity. In addition to the basic model considered in this paper, the LAT protocol can be readily extended to many other CR scenarios, such as the multiuser and multichannel cases. With simultaneous sensing and transmission, the collision between multiple SUs is likely to be shortened, and the performance of the whole secondary network is likely to enjoy a significant improvement.
APPENDIX A DERIVATION OF TABLE I
We first provide the general properties of the test statistics. Given that each y(n) in (6) 
Then, we consider the concrete form of the received signal under each hypothesis. In the LAT protocol, given the PU signal, RSI, and i.i.d. noise, the received signal y is complexvalued Gaussian with zero mean. The variance of y under the four hypotheses is as follows:
By substituting them into (31), we can obtain the results in Table I .
APPENDIX B DERIVATION OF THE OPTIMAL TRANSMIT POWER
The optimal power σ 2 s satisfies dC dσ 2 s σ 2 s = 0.
